Sarcomeric myosin heavy chain (MHC), the main component of the sarcomere, contains the ATPase activity that generates the contractile force of cardiac and skeletal muscles. The different MHC isoforms are encoded by a closely related multigene family. Most members (seven) of this gene family have been isolated and characterized in the rat, including the a-and /3-cardiac, skeletal embryonic, neonatal, fast HA, fast IIB, and extraocular specific MHC. The slow type I skeletal MHC is encoded by the same gene that codes for the cardiac /3-MHC. Each MHC gene studied displays a pattern of expression that is tissue and developmental stage specific, both in cardiac and skeletal muscles. Furthermore, more than one MHC gene is expressed in each muscle while each gene is expressed in more than one tissue. The expression of each MHC gene in cardiac and skeletal muscles is modulated by thyroid hormone. Surprisingly, however, the same MHC gene can be regulated by the hormone in a significantly different manner, even in opposite directions, depending on the muscle in which it is expressed. Moreover, the skeletal embryonic and neonatal MHC genes, so far considered specific to these 2 developmental stages, are normally expressed in certain adult muscles and can be reinduced by hypothyroidism in specific muscles. This complex pattern of expression and regulation of the MHC gene family in cardiac and skeletal muscle sheds new light on the mechanisms involved in determining the biochemical basis of the contractile state. It also indicates that the cardiac contractile system needs to be examined in a broader context, including skeletal muscles, in order to understand fully its developmental and physiologic regulation. (Circulation Research 1987;60:804-814) 
T he regulated expression of structurally distinct, tissue-specific, and developmentally regulated protein isoforms is an essential characteristic of cell differentiation, ontogenic development, and physiologic adaptation. The functional properties of the contractile apparatus in different muscle tissues derive primarily from the composition of its constitutive structural and regulatory proteins. Isoforms of many such proteins in striated (cardiac and skeletal) muscles are encoded by multigene families, the members of which are subject to tissue-and developmental stage-specific regulation.' The diversity of these proteins is augmented in some cases by alternative RNA splicing of individual gene transcripts. 2 Furthermore, cardiac and skeletal muscle cells, even after terminal differentiation, are able to reversibly modulate the properties of the contractile apparatus in response to various physiologic stimuli, thus providing an additional capacity to generate myofibrillar diversity.'- 3 The plasticity of the muscle fibers is well illustrated by the isoform diversity of the sarcomeric myosin heavy chain (MHC), the major structural component of the thick filament, as well as the enzyme (ATPase) that converts the chemical energy of ATP into the mechanical force of contraction. 4 -5 Despite their similarity in primary structure, the expression of the different MHC isoforms is tightly regulated in a tissue and developmentally specific manner. 6 -7 In addition, innervation patterns 8 and altered physiologic stimuli, such as disuse for skeletal muscle 3 and hemodynamic overload for cardiac muscle, 9 are known to cause MHC isoform switches. Furthermore, various hormones, including thyroid hormone, 10 insulin," glucocorticoids, 12 and sex steroids, 13 can modulate the phenotypic expression of the MHC genes as best demonstrated by the cardiac a-MHC and 0-MHC.
In an attempt to understand the molecular basis of the existence of several isoforms of MHC, as well as to elucidate the mechanisms controlling their tissue-specific, developmental, and hormonal regulation, the cDNA and genomic DNA sequences coding for the MHCs expressed in several striated muscle tissues have been cloned. So far, 7 distinct rat sarcomeric MHC genes have been isolated and characterized in our laboratory. 6 ' 4 " 19 The precise pattern of expression of these 7 MHC genes during the normal development of cardiac and skeletal muscles and their response to thyroid hormone are reviewed in this study.
The overall picture that emerges from these studies 
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Mational Center Subscriptions 7320 Greenville Avenue DALLAS. TX 75231-9986 805 is complex: 1) In all muscles so far analyzed, more than one MHC gene is expressed. 2) Each MHC gene is expressed in several different muscle types, but the "set" of MHC genes expressed and their relative levels of expression are characteristic of each muscle type.
3)
The developmental pattern of expression and the hormonal regulation of the MHC genes are not entirely intrinsic to any given gene but are determined, at least in part, by the muscle in which a given MHC gene is expressed.
Materials and Methods

Construction and Isolation of Recombinant cDNA Clones
The cDNA libraries were constructed following standard cloning procedures using poly (A) + mRNA isolated from hind leg muscles of 20-day-old rat fetuses as well as hind leg muscles and cardiac ventricles of adult rats (Wistar). Recombinant clones containing MHC sequences were identified by colony filter hybridization as previously described, 141617 using as a probe the 320-base pair (bp) internal Pst I fragment of cDNA pMHC25 w radiolabelled by the nick-translation procedure. 21 
RNA Isolation
Total cellular RNA was isolated from various muscle tissues using a modification of the hot phenol procedure 22 and from LsE, cells 23 by the guanidine hydrochloride method. 24 
SI Nuclease Mapping Analysis
The MHC cDNA clones (see below) were digested with the restriction enzymes as indicated, 3' endlabelled by 32 P-dideoxy-ATP using terminal transferase, 21 and were size separated on polyacrylamide gel electrophoresis. The desired fragments were excised from the gel and were strand separated by 5% polyacrylamide gel as described. 21 RNA-DNA hybridization was carried out in DN A probe excess for 16 hours at 42° C in 25 i±\ of 80% deionized formamide, NaCl 400 mM, piperazine-N,N'-bis[2-ethane-sulfonic acid] (Pipes) 10 mM buffered at pH 6.4, EDTA 1 mM, and 0.05% NaDodSO 4 . SI-nuclease digestion was in 300 /xl for 1 hour at 25° C with 150 units of enzyme (New England Nuclear, Boston, Mass.) in NaCl 300 mM, sodium acetate 30 mM, pH 4.5, and ZnSO 4 3 mM. At the end of the reaction, samples were precipitated with ethanol, resuspended in 85% formamide and run on 7% polyacrylamide/8.3 M urea sequencing gels. 21
Results
Pattern of Expression of Sarcomeric MHC Genes
During development in the rat, myosin isozyme transitions occur that involve 2 MHC isoforms in the cardiac ventricle 23 and a minimum of 5 in skeletal muscle. 26 To understand at what level (transcriptional, post-transcriptional, translational, or post-translational) the modulation of expression of the sarcomeric MHC genes occurs and to ascertain the nature and tissue-specificity of the genes involved, the accumula-tion pattern of the specific cardiac and skeletal MHC mRNAs obtained from several developmental stages was studied by SI nuclease analysis 27 using 6 distinct MHC cDNA clones isolated in our laboratory. Due to the high degree of sequence homology between the different MHC mRNAs, 6 only gene specific probes, most of them containing the untranslated 3' end sequences of the mRNAs, could be used for this study.
CARDIAC OI-MHC AND /3-MHC GENES. In the ventricular myocardium, at least 2 MHC mRNAs are detected at almost all stages of development (from 18-day-old fetuses to 6-month-old adults), as shown by the presence of 2 SI nuclease resistant fragments ( Figure 1A ) obtained by using a probe generated from the cDNA clone pCMHC5. 1428 The fully protected 3' end-labelled probe, 304 nucleotides (nt) long, is more intense than its partially protected counterpart in the ventricular RNAs of 18-and 20-day-old fetuses. After birth, the absolute level of MHC mRNA homologous to the pCMHC5 probe decreases slightly. This MHC mRNA is barely detectable in the 28-day-old ventricle but reappears in the 3-and 6-month-old animals. The relative abundance of this mRNA correlates very closely with the relative levels of /3-MHC protein in the same ventricular samples. 28 These results demonstrate that the cardiac MHC gene represented by pCMHC5 codes for the /3-MHC.
The 180-nt long partially protected fragment shown in Figure 1A is produced by the hybridization of the portion of the probe common to both a-and /3-cardiac MHC mRNAs. This mRNA is present in low amounts in the fetus, increases rapidly during the first 3 weeks of postnatal life, and is apparently the only MHC mRNA present at 4 weeks of age. Its pattern of expression correlates very well with the amount of a-MHC protein in the same hearts, 28 and other similar experiments carried out using a-MHC gene specific probes 28 -29 demonstrate that the MHC mRNA protected by the 180-nt fragment corresponds to the a-MHC mRNA.
A pattern very similar to the one shown by 18-day fetal mRNA is detected in earlier stages of development starting at day 12 of fetal life, when the cardiac tube first becomes apparent in the rat (data not shown). Thus, the a-MHC and /3-MHC mRNAs appear to be the only MHC mRNAs expressed throughout the development of the heart.
CARDIAC /3-MHC GENE CODES FOR THE SLOW (TYPE D MHC IN SKELETAL MUSCLE WHILE THE A-MHC GENE CODES FOR
THE ATRIAL ISOFORM. It has been previously shown that slow twitch skeletal muscle and cardiac V 3 myosins, on one hand, and the atrial and ventricular V, myosin, on the other, are structurally and immunologically related. 3031 These observations suggested that the MHC present in atrial and skeletal slow twitch fibers might be encoded by the cardiac a-MHC and /3-MHC genes, respectively. To test this possibility, SI nuclease mapping experiments using the gene specific pCMHC5 probe were performed with RNA isolated from the atria and slow and fast skeletal muscles.
As shown in Figures IB and 2 , the most abundant MHC mRNA expressed in soleus (slow twitch muscle) is identical in its carboxy terminal and 3' untranslated sequences to the cardiac /3-MHC mRNA and is, therefore, encoded by the cardiac /3-MHC gene. By longer exposure of the gel, small amounts of fully protected probe are also detected (not shown) in the right and left atria and in fast twitch skeletal muscle, suggesting a low level of expression of the /3-MHC gene in these tissues as well. This finding is in agreement with the previous protein data indicating the presence of small amounts of slow myosin in these tissues. 3132 The full protection of the pCMHC5 probe was also detected using RNA from the diaphragm ( Figure 2 ) and extraocular muscles, 18 which also contain a significant amount
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252-- of slow fibers. The same results were obtained by using as a probe the genomic fragment that contains the gene-specific first coding exon of the /3-MHC gene (data not shown).
No partial protection of the pCMHC5 probe was detected with RNA from any of the skeletal muscles so far tested at any stage of development from 16-day-old fetuses to adult animals, indicating that in the rat, the cardiac a-MHC gene is not expressed in skeletal muscles. In contrast, the most abundant MHC mRNA in the left and right atria (LA, RA) is detected by the 180nt long fragment of this probe ( Figure IB) , indicating that the major atrial MHC mRNA is coded by the a-MHC gene. This result was confirmed by using 2 different a-MHC gene-specific probes, one containing the 3' end portion of the a-MHC cDNA clone 28 and the other containing the first coding exon of the a-MHC gene. 29 A similar result was obtained in the rabbit as well. 33 SKELETAL MHC GENES. Previous studies at the protein level indicated that a minimum of 6 different MHC isoforms are expressed during the development of rat skeletal muscle 7 : an embryonic isoform mainly expressed during intrauterine life and also during in vitro myogenesis; a neonatal or perinatal form mainly expressed during the last week of gestation and first few weeks of postnatal life; and three adult isoforms corresponding to two adult fast and one slow MHC that are expressed predominantly in fast oxidative type IIA, fast glycolytic type IIB, and slow oxidative type I fibers, respectively. As shown above, the MHC expressed in slow oxidative type I fibers is identical to the cardiac /3-MHC. In addition, there is a very specialized MHC isoform that so far has only been detected in the extraocular muscles. 18 Four distinct MHC cDNA clones isolated from fetal (pMHC25 1720 and pFOD5 16 ) and adult (pMHC40 and PMHC62 6 -34 ) muscle cDNA libraries have been previously characterized. These cDNA clones were used for S1 nuclease mapping analyses with RNA isolated from different skeletal muscles at various stages of development to determine the temporal and tissue-specific pattern of expression of their corresponding genes.
As shown in Figure 1C , full protection of the pMHC25 probe (194 nt) is observed with RNA from LfjE, myotubes 23 and hind leg muscles of 20-day fetal and 2-, 7-, and 14-day-old postnatal animals. Note that the MHC mRNA represented by this probe is expressed abundantly in early development but decreases gradually to an undetectable level in adult animals. Furthermore, no protection of the probe is detected with either smooth muscle (uterus) or fetal or adult cardiac muscle mRNA. The developmental pattern of expression of the MHC gene represented by pMHC25 demonstrates its identity as the skeletal embryonic MHC gene.
As shown in Figure ID , when the pFOD5 probe is used, the full protection of the probe (245 nt) is obtained only with skeletal muscle mRNA isolated from animals in the perinatal period. By 28 days, its concen-tration diminishes to an undetectable level in the adult skeletal muscle fibers. The MHC mRNA homologous to this probe is not present in L^E, myotubes, which are known to express only the embryonic MHC mRNA 17 ( Figure 1C ). Furthermore, it is not detected in either smooth muscle (uterus) or fetal and adult cardiac muscles. The pattern of expression of the MHC gene represented by pFOD5 corresponds very closely with the skeletal neonatal MHC protein reported previously. 26 It can be concluded from these results that the neonatal MHC gene is distinct from the embryonic and adult MHC genes.
In contrast, the full length (360 nt) protection of the pMHC40 probe ( Figure 1E ) is not detected in 20-dayold fetuses and 1-day-old neonates but is readily seen in 5-day-old animals, becoming more intense in the adult. The MHC mRNA represented by pMHC40 is expressed in all adult fast muscles containing both fast oxidative (IIA) and fast glycolytic (IIB) myofibers, as well as in soleus, which is known to be constituted mainly of slow type I and fast IIA myofibers. 32 This mRNA is not expressed in pure fast white (type IIB) muscle such as tensor fascia latae (see below). These observations indicate that this mRNA corresponds to the fast oxidative (type IIA) MHC gene since the slow (type I) MHC gene is identical to the cardiac MHC gene (see above).
The SI protection pattern of the pMHC62 probe obtained with the same RNA samples ( Figure IF) shows that the corresponding MHC gene is expressed late in development and only in the adult muscles that are known to have fast glycolytic (type IIB) fibers. Therefore, the identity of this MHC gene can be assigned to fast glycolytic (type IIB) MHC.
The results of the above SI nuclease mapping analysis using different MHC cDNA probes are summarized in Figure 2 . In addition to the MHC genes expressed in hind limb and cardiac muscles, a seventh MHC gene was isolated. 18 This gene is exclusively expressed in the extraocular muscle fibers of the adult and is referred to as EOM MHC. The rat extraocular muscles express all known sarcomeric myosin heavy chain genes (with the exception of the a-cardiac gene). During the neonatal stages, 4 different MHC mRNAs are expressed in EOM: embryonic, neonatal, fast IIA, and slow I (jS-MHC), with the neonatal MHC being predominant at this time. In the adult stages, the transcripts from these genes are still accumulated and supplemented with at least two additional ones: the fast IIB and the EOM-specific MHC.
The close correlation between the developmental pattern of expression of each MHC mRNA ( Figure 2 ) and that of the corresponding protein isoform 718 -28 strongly suggests that the qualitative and quantitative changes in the MHC phenotype observed during development in each muscle type can be entirely accounted for by changes in the level of their respective mRNA. Translational and post-translational mechanisms, if present, do not seem to play a major role in the production of the MHC phenotype during normal development of cardiac and skeletal muscles. 
Tissue-Specific Effect of Thyroid Hormone
The precise molecular basis of the tissue and developmental stage-specific expression of the different MHC genes shown above is not well understood. Among various hormones, thyroid hormone has been shown to cause MHC isoform switches in developing as well as adult cardiac and skeletal muscle fibers. 35 " 38 Indeed, the a-MHC to /3-MHC isoform switch during development closely correlates with the postnatal rise in circulating thyroid hormone levels. 39 In light of our observation that all MHC genes examined are expressed in more than one muscle, the question arises as to whether a given MHC gene will exhibit the same response to thyroid hormone when expressed in different muscles. Using the 6 different specific MHC cDNA probes described above, SI nuclease mapping was used to analyze the MHC mRNA of 7 different muscles obtained from adult rats with different levels of circulating thyroid hormone: euthyroid (normal), hypothyroid (thyroidectomized), and hyperthyroid (normal animals injected with triiodothyronine). 40 CARDIAC AND SLOW TYPE I MHC GENES. The pattern of expression of the a-MHC and /3-MHC genes was analyzed with the pCMHC5 probe. As shown in Figure 3 , the basal level of expression of the /3-MHC gene, detected by the 304-nt long fragment of the pCMHC5 probe, is barely detectable in the ventricles and atria of adult euthyroid (N) animals but is markedly increased in the ventricle and to a much lesser degree in the atrium by thyroidectomy (T-). In contrast, the level of expression of this gene, which is high in normal soleus and diaphragm, is unaffected in hypothyroid animals but is significantly decreased in the hyperthyroid state (T+). Hence, expression of the /3-MHC gene is generally down-regulated by thyroid hormone, albeit at different levels of sensitivity, depending on the tissue where this gene is expressed.
Expression of the a-MHC gene, identified by the same pCMHC5 probe as a 180-nt long protected fragment, is only detected in the cardiac muscles ( Figure  3 ). In the ventricle, this gene is markedly down-regulated in the hypothyroid state. Therefore, its response to the hormone is the opposite of that displayed by the /3-MHC gene in the same tissue. A similar pattern of response was shown in the rabbit ventricle as well. 41 In contrast, the level of expression of the a-MHC gene in the atria does not change in either the hypothyroid or hyperthyroid state (Figure 3) 42 The same result was obtained using other a-MHC gene-specific probes (data not shown). 2829 THYROID HORMONE CAN OVERCOME EFFECTS OF HEMODY-NAMIC STIMULI ON CARDIAC MHC GENE EXPRESSION. HEMOdynamic overload, either pressure or volume overload, on rat and rabbit ventricles 4344 and human atria 4546 has been shown to induce the a-MHC to /3-MHC isoform transition, and this process is regulated by pretranslational mechanisms. 47 Therefore, it is of interest to examine the pattern of expression of the cardiac MHC genes when two opposing signals are applied to the same heart: pressure overload (aortic coarctation) as an inducing signal of the /3-MHC gene and hyperthyroidism as a de-inducing stimulus.
As shown in Figure 4 , aortic coarctation caused a rapid increase in the /3-MHC mRNA in the left ventricles. A small and transient decline in serum thyroid 
FIGURE 3. Effect of thyroid hormone on expression of a-MHC andfi-MHC genes. Animals used were 4-month-old male rats: hypothyroid 6 weeks after surgical thyroidectomy (T-), euthyroid (N), and hyperthyroid (T+). Hyperthyroidism was induced by daily intraperitoneal injection of 50 fJ-g/kg body weight of triiodo-L-thyronine (T 3 ) for 8 days, a period sufficient to
FIGURE 4. Effect of aortic coarctation on MHC gene expression in left ventricle. Coarctation of aorta (CoA) was performed on 8-
week-old male rats as described. 43 Animals were killed at different intervals postoperatively as indicated. cDNA probe used for SI nuclease mapping was pCMHC5. Sham ope, shamoperated animals; CoA + T 4 , aortic coarctation for 32 days followed by daily thyroxine injection for 4 days.
hormone levels observed during the early postoperative stages (data not shown) could not account for this induction of the /3-MHC gene since this gene remained expressed in coarctated rats even after thyroid hormone returned to control levels (Figure 4, 8 postoperative days and thereafter). However, as shown in Figure 5A , when thyroid hormone was given to the coarctated rats, there was a rapid de-induction of the /3-MHC mRNA within 4 days. Furthermore, when thyroid hormone was injected daily between 4 and 13 days of coarctation ( Figure  5B) , the induction of the /3-MHC gene was completely prevented despite the fact that these rats had similar or higher degrees of myocardial hypertrophy than those with coarctation alone. These results indicate that hemodynamic overload can cause the induction of the /3-MHC gene at physiologic levels of thyroid hormone, while its effect can be overcome at pretranslational levels by higher doses of hormone. It remains to be elucidated how hormonal signals override hemodynamic stimuli in regulating the MHC gene expression. sequential transitions from embryonic to neonatal to adult MHC can be inhibited by hypothyroidism and accelerated by hyperthyroidism in young animals, 3738 we examined the effect of thyroid hormone on the expression of these genes in the adult skeletal muscles. As shown in Figure 6A , the expression of the embryonic MHC gene, detected by the 194-nt long fragment of the pMHC25 probe, is induced in the soleus and, to a lesser extent, in the diaphragm of hypothyroid rats but not in any other muscle examined. Ex- . Effect of thyroid hormone on expression of MHC genes in skeletal muscles. Animals used were same as in experiments described in Figure 2 legend. Muscles obtained from each group of rats were slow twitch soleus muscle (SOL) and 4 fast twitch muscles: diaphragm (DIA), masseter (MAS), tensor fascial latae (TFL), and extensor digitorum longus (EDL). SI nuclease mapping analysis was done using probes described in Figure I pression of the neonatal MHC gene identified by the 245-nt long fragment of the pFOD5 probe ( Figure 6B ) is barely detected in the masseter of euthyroid rats but is dramatically induced, in this muscle only, by hypothyroidism. It is of particular interest that once established, the transition from the neonatal to adult MHC, a process highly responsive to thyroid hormone in the newborn animal, 38 is no longer reversible by hypothyroidism in the adult muscles examined, except in the masseter where trace amounts of the neonatal MHC gene product are detectable in euthyroid adult animals. These observations, as well as the fact that embryonic and neonatal MHCs are expressed in the extraocular muscles of normal adult animals, 18 clearly weaken the concept that these two genes are under the strict control of "a developmental clock" in all muscles.
ADULT TYPE IIA AND IIB MHC GENES. Figure 6C shows expression of the type IIA fast oxidative MHC gene in 5 different muscles, as detected by the 360-nt long fragment of the pMHC40 probe. Expression of this gene is observed in all normal adult skeletal muscles except in tensor fascia latae (TFL), which is constituted of white (fast glycolytic IIB) fibers. On thyroidectomy, this gene is newly induced in TFL, while its expression is not significantly changed in the diaphragm, masseter, and extensor digitorum longus (EDL). In contrast, the fast IIA MHC gene is de-induced to undetectable levels in the soleus of hypothyroid rats. Hence, the same hormonal stimulus (hypothyroidism) exerts three different types of responses on this gene: induction in the TFL, de-induction in the soleus, and no effect in other muscles. Conversely, in hyperthyroid animals, the expression of this gene is induced in soleus but de-induced completely in the masseter and EDL and to a lesser degree in the diaphragm. Therefore, the fast IIA MHC gene exhibits a striking response to changes in thyroid hormone levels since it is up-regulated by the hormone in the slow twitch soleus muscle and down-regulated, at different levels of sensitivity, in the fast twitch muscles (TFL, masseter, EDL, and diaphragm).
As shown in Figure 6D , expression of the type IIB (fast glycolytic) MHC gene, detected by the 304-nt long fragment of the pMHC62 probe, is low in normal soleus and diaphragm and high in masseter, EDL, and TFL. Induction of expression of this gene by thyroid hormone and its de-induction in hypothyroid states is observed mainly in soleus, diaphragm, and masseter. Thus, the fast IIB MHC gene also exhibits different levels of sensitivity to thyroid hormone, depending on the muscle in which it is expressed.
Discussion
The results presented in this study illustrate the highly complex regulation of the MHC multigene family. Each member of this multigene family can be under different developmental and hormonal regulatory programs, depending on the muscle in which it is expressed. Although the available data do not allow us to define the precise nature of the tissue-specific regula-tion of this gene family, several general rules that might govern the patterns of expression of the MHC genes can be drawn from these studies.
First, the fact that only certain MHC genes are expressed or inducible in each muscle suggests that an initial level of regulation might involve the events occurring during terminal differentiation of each tissue. This may determine which "set" of MHC genes is made potentially available for expression in a given muscle. For instance, the atrium and ventricle express the a-MHC and /3-MHC genes, but other MHC genes are neither expressed nor inducible in these tissues (Figures 2 and 3 ).
Second, some MHC genes are expressed only in specific muscles, while others are expressed in multiple tissues. For example, the a-MHC gene is expressed only in cardiac tissues, whereas the /3-MHC gene, located only 4 kilobases upstream of the a-MHC gene in the rat genome, 29 is expressed in both cardiac and skeletal muscles. The transcripts of the extraocular muscle-specific MHC gene are found only in the oculomotor muscles, 18 but the fast IIA and IIB MHC genes are expressed in most of the adult skeletal muscles ( Figure IE and IF) .
Third, even when the same set of MHC genes is expressed in different muscles, the relative levels of expression of each gene may differ among individual muscles according to their functional requirements. Soleus and diaphragm express the same set of MHC genes (Figures 3 and 6 ), but predominance of the /3-MHC in soleus determines the properties of this muscle as slow muscle. Conversely, relative abundance of the fast IIA and IIB MHC in the diaphragm confers on this muscle the properties of a fast muscle.
Fourth, the developmental program of each MHC gene is not an intrinsic characteristic of that gene but is determined by the muscle in which it is expressed. In early fetal skeletal muscle development, the only MHC gene expressed is the embryonic one, which is then replaced by the neonatal MHC gene, followed by the fast IIA and IIB MHC genes in the adult (Figure 2 ). However, this sequential transition does not take place uniformly, since extraocular muscles, conventionally classified as fast skeletal muscles, continue to express the embryonic and neonatal MHC genes even in the adult animal. 18 The /3-MHC gene, abundantly expressed in the fetal ventricle, is gradually de-induced during development (Figure 2 ), while the level of expression of the same gene in soleus increases progressively during the same period. 4 * Similarly, the a-MHC gene, which is developmentally regulated in the ventricles, is continuously expressed in the atria from the fetal to adult stages ( Figure 2) . Thus, the developmental program of each MHC gene is predominantly determined in a tissue-specific manner.
Finally, various external stimuli, such as thyroid hormone, innervation, and work overload can reversibly modulate expression of the MHC genes. However, the mode of response exhibited by each member of the MHC gene family is very different, depending on the muscle in which it is expressed.
The tissue-specific response of each MHC gene to thyroid hormone is best exemplified by the a-MHC and fast IIA MHC genes. The a-MHC gene is exquisitely sensitive to the hormone in the ventricle but not at all in the atrium (Figure 3) . Expression of the type IIA MHC gene is up-regulated by thyroid hormone in slow skeletal muscle (soleus), whereas it is down-regulated in fast skeletal muscle (diaphragm, masseter, EDL, and TFL) ( Figure 6C ). To our knowledge, this is the only available demonstration that the same gene responds in completely opposite directions to the same hormonal stimulus when expressed in different tissues. This complex pattern of regulation of a single MHC gene, in combination with the responsiveness to thyroid hormone exhibited by all the muscles tested, argues against a qualitative or quantitative difference in nuclear triiodothyronine (T 3 ) receptors in individual muscles as a sole determinant of tissue-specific regulation of the MHC genes.
What is the physiologic significance of this complex pattern of expression of the MHC multigene family? Since myosin ATPase activity has been shown to be closely correlated with intrinsic speed of contraction, 4 -5 the use of differential as well as combinatorial expression of the members of the MHC multigene family that confer different ATPase activity would fulfill, at least in part, the diverse functional requirements imposed on various anatomically defined muscles. For instance, soleus muscle, in which tonic contraction is necessary to maintain posture, is composed largely of the slow MHC with low ATPase activity, whereas EDL, a neighboring muscle of soleus whose functional requirement is fast phasic contraction, is constituted predominantly of the fast IIB (glycolytic) MHC with high ATPase activity. The /3-MHC to a-MHC transition induced by thyroid hormone in the ventricle may explain the increased velocity of contraction observed in papillary muscle preparations from thyrotoxic animals. 35 Indeed, it is remarkable that in any given muscle, hyperthyroidism either increases the mRNA levels of the MHC isoform associated with the higher velocity of fiber shortening and the higher myosin ATPase activity or decreases the mRNA levels of the MHC isoform associated with the lower velocity of contraction. Hypothyroidism, on the other hand, effects the opposite changes. This pattern of regulation is in general agreement with the well-known catabolic effects of thyroid hormone on energy metabolism in various tissues. It should be noted, however, that in man and other large mammals, which normally express mainly the /3-MHC in the ventricles, the observed decrease in myocardial performance during hypothyroidism and hemodynamic overload cannot be explained by changes in MHC isozyme expression. 4950 In these instances, altered calcium handling, adrenergic sensitivity, mitochondrial ATP synthesis, or other unknown factors may be responsible for depressed contractile states.
The functional significance of the developmental transition of MHC gene expression is not fully understood. In the case of the globin gene family, the fetal isoform (hemoglobin F) has a higher affinity for oxygen than its adult counterpart, thought to be a beneficial adaptation to the hypoxic intrauterine environment. The predominance of the /3-MHC in fetal ventricle may have a similar advantage since the myofibrils composed of the /3-MHC are associated with lower ATP and oxygen consumption than the one composed of the a-MHC for the same developed tension. 31 The skeletal embryonic and neonatal MHC are associated with intermediate ATPase activity, and the velocity of contraction of fetal skeletal muscle is slow. 7 The physiologic significance of this phenotype remains to be determined.
The issue of whether thyroid hormone acts directly on the muscles or whether its effects are indirect (by acting through changes in hemodynamic load or secondary neuronal and hormonal signals) cannot be resolved here. However, previous studies involving myocyte culture, 52 denervation, 53 ' 54 and the hereditary dwarf mouse 35 suggest that thyroid hormone, at least in the case of cardiac ventricle and fast skeletal muscle, acts directly on the muscle to regulate the MHC phenotype. As to the locus of thyroid hormone action within the cell, most of its characteristic biologic effects appear to be mediated by an interaction of T 3 with specific nuclear receptors. 56 In the best studied examples, such as the regulation of thyrotropin and growth hormone synthesis, T 3 has been shown to act mainly at the transcriptional level. 57 " 59 In the cardiac ventricle, kinetic studies of MHC mRNA accumulation during hormonal induction and de-induction 28 and nuclear "runoff' studies 60 suggest that modulation of the a-MHC and /3-MHC mRNA by thyroid hormone is mainly regulated at the transcriptional level and not by changes in mRNA stability. However, it remains to be demonstrated whether MHC gene regulation by this hormone is mediated by direct binding of T 3 -receptor complexes to regulatory regions of the gene or by secondary intracellular signals.
It has been shown that other physiologic and hormonal factors, such as exercise, 61 denervation, 8 hemodynamic overload, 41 a high carbohydrate diet, 12 insulin," growth hormone, 35 glucocorticoid, 12 and sex steroids 13 can also modulate MHC isoform expression in cardiac and skeletal muscles. It remains to be seen whether these various stimuli act independently on the expression of the MHC genes or whether their effects are mediated by a common final biochemical signal. It is of interest that these seemingly divergent pathophysiologic states appear to have a common feature, that is, all can influence energy metabolism in the myocardium. In this respect, it is noteworthy that the induction of the /3-MHC gene in the ventricles of pressureoverloaded adult heart can be completely reversed via pretranslational mechanisms by high doses of thyroid hormone (Figures 4 and 5) .
In contrast to this complex pattern of regulation exhibited by the MHC gene family, thyroid hormone does not appear to have a qualitative effect on the expression of other contractile protein genes so far examined, such as skeletal and cardiac a-actins, fast skeletal troponin T, and a-and /3-tropomyosins. 62 One might postulate, therefore, the existence of cis-acting regulatory sequences conserved in each MHC gene that could determine thyroid hormone responsiveness, either positive regulation, as in the case of the a-MHC and fast IIB MHC genes, or negative, as in the case of the /3-MHC and embryonic and neonatal MHC genes. Lack of such sequences in the actin and tropomyosin gene families could, in principle, explain the absence of thyroid hormone responsiveness. However, DNA sequence comparisons among different MHC genes and other thyroid hormone regulated genes (growth hormone and thyrotropin) have so far failed to identify obvious "consensus" sequences in the 5' regulatory regions of these genes. Furthermore, this mode of regulation could not account for the different patterns of developmentally and hormonally regulated expression of the same MHC gene in different muscles. Therefore, a role for tissue-specific trans-acting factors that regulate the MHC genes needs to be postulated. Some of these factors may involve tissue-specific differences in nuclear T 3 receptors, local thyroid hormone metabolism, and secondary neuronal and hormonal signals induced by thyroid hormone, which in turn may also play a role in determining the regulation of the MHC multigene family in individual tissues.
